Combination immunotherapy with anti-CD20 and anti-CD22 mAbs shows promising activity in non-Hodgkin lymphoma. Therefore, bispecific mAbs (bsAbs) were recombinantly constructed from veltuzumab (humanized anti-CD20) and epratuzumab (humanized anti-CD22) and evaluated in vitro and in vivo. While none of the parental mAbs alone or mixed had notable antiproliferative activity against Burkitt lymphoma cells when not crosslinked, the bsAbs [eg, anti-CD20 IgG-anti-CD22 (scFv) 2 ] were inhibitory without cross-linking and synergistic with B-cell antigen (BCR)-mediated inhibition. The bsAbs demonstrated higher antibodydependent cellulary cytoxicity (ADCC) activity than the parental mAbs, but not complement-dependent cytoxicity (CDC) of the parental CD20 mAb. Cross-linking both CD20 and CD22 with the bsAbs resulted in the prominent redistribution of not only CD20 but also CD22 and BCR into lipid rafts. Surprisingly, appreciable translocation of CD22 into lipid rafts was also observed after treatment with epratuzumab. Finally, the bsAbs inhibited Daudi lymphoma transplant growth, but showed a significant advantage over the parental anti-CD20 mAb only at the highest dose tested. These results suggest that recombinantly fused, complementary, bispecific, anti-CD20/22 antibodies exhibit functional features distinct from their parental antibodies, perhaps representing new candidate therapeutic molecules. 
Introduction
CD20 is the principal target in the immunotherapy of B-cell lymphomas, 1,2 while a mAb against CD22, epratuzumab, also has promising activity as a single agent. [3] [4] [5] Despite encouraging results with these mAbs, there are ongoing efforts to improve immunotherapy, because durable responses are only achieved in a portion of patients. 5 One emerging approach is combination therapy with different biologic agents, 6, 7 such as 2 mAbs directed against distinct cell-surface antigens. Ideally, the 2 mAbs would have distinct mechanisms of action so that the therapeutic outcome would be additive or synergistic, and the combined antitumor effects would mitigate resistance to either of the mAbs.
In vitro cell-based studies have shown that the combination of epratuzumab and rituximab has a greater antiproliferative effect than either mAb alone. 8 The results of 3 phase 2 clinical trials showed that epratuzumab combined with rituximab was well tolerated and suggested an improved activity in non-Hodgkin lymphoma (NHL), compared with historical reports of rituximab in similar patients. [9] [10] [11] However, combination mAb therapy involves sequential administration, thus requiring lengthy infusion times and potentially higher costs. The objectives of this study were to generate a single agent, namely a bsAb that targets both CD20 and CD22 antigens, and to evaluate its properties.
A bsAb can be prepared by chemical conjugation, and this was used to prepare a bsAb Fab'x Fab' from hA20 (veltuzumab), a humanized anti-CD20 mAb, 12 and hLL2 (epratuzumab), a humanized anti-CD22 mAb, 13 in earlier studies. While chemical linkage to prepare bsAbs is convenient, it is a tedious, low-yield process involving multiple steps of modification and purification. Thus, recombinant engineering is preferred, with notable examples including 2 different scFv's joined with a flexible linker 14 ; minibodies that contain 2 different scFv's joined at the C-termini via a hinge that is further fused to a helix-turn-helix 15 or leucine zipper motif 16 to facilitate heterodimerization; and diabodies that form heterodimers with a short linker between the V L and V H domains. 17, 18 However, these bsAbs have a relatively short half-life in vivo compared with IgG, because of their smaller size and lack of an Fc fragment. To increase the residence time for maximizing therapeutic effects, a variety of fusion bsAbs combining scFvs or diabodies and IgG or Fc fragments have been devised and produced in mammalian cell cultures, [19] [20] [21] [22] among which the IgG-(scFv) 2 format 19 is appealing for its divalency for each antigen, easy purification by protein A, a serum half-life comparable to IgG, and the presence of Fc to mediate CDC and ADCC.
Veltuzumab contains the same human IgG 1/ constant and variable framework regions as in epratuzumab, which has shown rapid and relatively safe infusion properties in clinical studies. 3, 5, 23 CDC, ADCC, and inhibition of cell growth and induction of apoptosis have been shown for veltuzumab in vitro. 12 Further, initial clinical studies have confirmed that low doses of veltuzumab can be given in shorter infusion times than rituximab, and it has shown good safety and efficacy results in NHL patients. 24 In addition, enhancement of the in vitro and in vivo antitumor effects of veltuzumab was demonstrated experimentally when combined with epratuzumab. 8, 12 Epratuzumab is a humanized version of LL2, the murine mAb raised against the Raji Burkitt lymphoma cell line, and originally named EPB-2. 13, 25 LL2 is specifically reactive with B cells and NHL, and recognizes the same extracellular epitope of CD22 as the RFB4 mAb. 26, 27 In this study, anti-CD20/22 bsAbs composed of veltuzumab IgG and 2 entities of LL2scFv or RFB4scFv were constructed and evaluated for their growth-inhibitory effects in human B-cell lymphomas. Surprisingly, we found a unique mode of action of the bsAbs in comparison to the parental mAbs, either alone or combined. Similar results were observed with 3 alternative forms of anti-CD20/22 bsAbs.
Methods

Cell lines
The Burkitt lymphoma lines, Daudi and Ramos, were purchased from the American Type Culture Collection (Manassas, VA) and maintained in vitro in RPMI 1640 medium supplemented with 10 mM HEPES, 1 mM sodium pyruvate, 2 mM L-glutamine, penicillin (100 units/mL), streptomycin (100 g/mL), all from Life Technologies (Gaithersburg, MD), and 10% fetal bovine serum (Hyclone, Logan, UT). Because fluorescence microscopy revealed a heterogeneous Daudi cell population for expression of surface Ig (sIg), 2 Daudi sublines (D1-1 and D1-7) were obtained by limiting dilution, and stained uniformly compared with the original cell population. D1-1 appeared to have a higher sIg expression than D1-7, based on a protein expression assay using Guava PCA system (Guava Technologies, Hayward, CA).
Reagents
Epratuzumab, veltuzumab, chimeric RFB4 (cRFB4), and hCD22-Fc were provided by Immunomedics (Morris Plains, NJ). HRP-conjugated LL2 (HRP-LL2) was prepared using the periodate coupling method. 28 Murine anti-human IgM mAb (clone SA-DA4) was purchased from SouthernBiotech (Birmingham, AL) and further dialyzed in Dulbecco phosphatebuffered saline (PBS; Life Technologies). Other commercially available agents included: biotinylated RFB4 (biotin-RFB4, Ancell, Bayport, MN), HRP-conjugated antiphosphotyrosine specific mAb 4G10 (HRP-4G10, Upstate Biotechnology, Charlottesville, VA), HRP-GAH IgM, Fc 5 specific Ab (Jackson ImmunoResearch, West Grove, PA), FITC-GAH IgG, Fcspecific Ab (Jackson ImmunoResearch), mAbs against CD79a (clone HM41) and CD79b (clone CB3.1; BD Biosciences, San Diego, CA), rabbit anti-CD22 Ab, EP498Y (Abcam, Cambridge, MA), and rabbit anti-CD20 Ab, EP459Y (Abcam), and rabbit anti-Lyn antibody (Cell Signaling Technology, Danvers, MA).
Preparation of anti-CD20/22 bsAbs
The bsAb of the IgG-(scFv) 2 format was constructed by fusing V H -(GGGGS) 3 -V L of LL2 or RFB4 to the C-terminal end of hA20 heavy chain through a hydrophilic helical linker, SNS(EEAKK) 3 SNS. 29 Both hA20IgG-(LL2scFv) 2 and hA20IgG-(RFB4scFv) 2 after purification on protein A consisted of a mixture of monomeric, dimeric, and multimeric forms, which were further separated by size-exclusion high-performance liquid chromatography (SE-HPLC) using a TSK-GEL G3000SW column (Tosoh Bioscience, Stuttgart, Germany). The fraction containing the monomeric form was used for this study unless noted otherwise.
Other anti-CD20/22 bsAb constructs used included hA20xhLL2 prepared by chemically cross-linking the Fab' fragments of veltuzumab and epratuzumab; TF3, composed of covalently linked 2 Fabs of veltuzumab and one Fab of epratuzumab made by the Dock-and-Lock (DNL) method 30, 31 ; and hA20Fab-LL2scFv and hA20Fab-RFB4scFv, both made by fusing LL2scFv and RFB4scFv to hA20Fab, respectively.
Binding assays
A recombinant fusion protein, hCD22-Fc, containing the N-terminal 3 Ig-like domains of human CD22, where the epitopes recognized by LL2 and RFB4 are located, was used to assess the binding of the hLL2-containing bsAbs. Briefly, serial dilutions of unlabeled bsAbs as the competitors ranging from 0 to 100 nM were mixed with a predetermined concentration of HRP-LL2 or biotin-RFB4, added to 96-well ELISA plates precoated with hCD22-Fc, and blocked with BSA. After incubation for 1 hour at room temperature, the plates were washed with PBS, and probed with ortho-phenylenediamine and H 2 O 2 after the addition of HRP-labeled streptavidin for biotin-RFB4 or none for HRP-LL2.
Internalization and fluorescence microscopy
The fate of the anti-CD20/22 bsAbs on cell-surface binding was evaluated by fluorescence microscopy. Briefly, Ramos cells were incubated on ice for 1 hour in complete RPMI medium containing 10 g/mL of hA20IgG-(RFB4scFv) 2 or cRFB4, washed twice, resuspended in fresh medium, split into 2 portions, and incubated at 4°and 37°C, respectively, for 30 minutes. Thereafter, the cells were washed, fixed and permeablized in 3.7% Formald-Fresh solution (Fisher Scientific, Waltham, MA), and stained with a FITC-GAH IgG, Fc fragment-specific Ab.
In vitro cell-proliferation assays
Proliferation of Ramos, D1-1, or D1-7 cultured in the medium containing anti-CD20/22 bsAbs or control mAbs was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays according to the manufacturer's instructions. Some assays were also performed in the presence of an anti-IgM mAb (␣-IgM). All assays were performed in duplicate or triplicate and the data analyzed by Student t test.
Determination of synergism by the combination index method
To determine whether there is synergism on growth inhibition of D1-7 cells from the combined action of ␣-IgM and anti-CD20/22 bsAb, the pertinent data obtained from the MTT assays were analyzed by the combination index (CI) method of Reynolds and Maurer, 32 using the mutually exclusive model.
Immunoprecipitation and Western blotting
Cells (10 7 ) were stimulated with 100 nM each of the test articles for 15 minutes and then lysed in a buffer containing 10 mM Tris-HCl (pH 7.5), 20 mM NaCl, 0.5% 3[(3-cholamidopropyl)dimethylammonio]-propanesulfonic acid (CHAPS), 10 mM Na-pyrophosphate, 2 mM Na-orthovanadate, 10 mM NaF, 0.4 mM EDTA, and protease inhibitors. The lysates were centrifuged and the supernatants were subjected to immunoprecipitation with epratuzumab and the Catch and Release immunoprecipitation kit (Upstate). The remaining lysate pellets were washed twice and solubilized in reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. The immunoprecipitated and solubilized pellet proteins were separated by SDS-PAGE, and electrotransferred to Immobilon-P membranes (Millipore, Billerica, MA). The membranes were then analyzed by immunoblotting with HRP-4G10 for phosphorylated CD22 (phosphor-CD22) or rabbit anti-CD22 Ab followed by an HRP-goat anti-rabbit Ab for total CD22.
ADCC and CDC assays
For ADCC activity, a 4-hour fluorometric lactate dehydrogenase (LDH)-release assay was used (CytoTox-One; Promega, Madison, WI). Briefly, target cells (Daudi) were incubated with bsAbs at 5 g/mL in triplicate for 30 minutes at 37°C, 5% CO 2 . After informed consent was obtained in accordance with the Declaration of Helsinki, freshly isolated peripheral blood mononuclear cells (PBMCs) collected from healthy volunteers (Institutional Review Board-approved) were then added at a predetermined optimal effector to target ratio of 50:1, because prior studies with veltuzumab showed ADCC activities of 12.4% (Ϯ 2.4%), 23.0% (Ϯ 2.4%), and 34.9% (Ϯ 2.7%) for target ratios of 10:1, 20:1, and 40:1, respectively. After a further 4-hour incubation, cell lysis was assessed by release of fluorometric LDH.
CDC activity was determined via a cell viability assay using the fluorescent dye resazurin (Molecular Probes; Eugene, OR). Target cells were plated (5 ϫ 10 4 cells/well) in black 96-well plates. The bsAbs in a series of 2-fold dilutions were added to the plates in the presence of human complement (Quidel; San Diego, CA). After incubation at 37°C, 5% CO 2 , for 2 hours, C12 resazurin substrate was added to the wells (5 M) and the plates were read 5 hours later. Cells treated with 0.25% Triton X-100 served as the 100% lysis control and cells treated with complement alone served as background control. CDC activity was measured as a percentage of viable cells in the treated wells relative to the complement-alone control.
Isolation of lipid rafts
D1-7 cells (0.4-1 ϫ 10 8 ) were treated and lysed as described above for immunoprecipitation, except that 40% sucrose was included in the lysis buffer, and the lysates were separated by sucrose density gradient centrifugation. Briefly, the cell lysates (ϳ2 mL) in centrifuge tubes (Sorvall, Asheville, NC) were first overlaid with 6 mL of the lysis buffer containing 30% sucrose, then with the same lysis buffer containing 5% sucrose (ϳ3.5 mL) to fill the tubes, which were centrifuged at 40 000 rpm for 3 hours. After the top 2.5-mL fraction was removed, the next 3-mL fraction crossing the interface of 5% and 30% sucrose was collected and regarded as the lipid raft fraction. 33 The remainder was collected as the soluble fraction in 1-mL portions. The lipid raft fractions were diluted with the lysis buffer without sucrose and centrifuged again at 40 000 rpm for 1 hour to pellet the detergent-insoluble lipid raft particles. The pellets were resuspended in reducing SDS-PAGE sample buffer and boiled for complete solubilization. Distributions of total CD22, phosphor-CD22, CD20, and BCR complexes in the soluble fraction and lipid rafts were analyzed by immunoblotting. In separate experiments with Daudi cells, the lipid raft fraction collected between 2.5 and 5.5 mL as described above was correlated with the presence of Lyn, a known lipid raft marker, as follows. One-mL fractions were removed sequentially from the top of the sucrose density gradient and the resulting 11 fractions, after 10-fold concentration, were resolved by reducing SDS-PAGE, transferred onto polyvinylidenefluoride membranes and incubated with polyclonal rabbit anti-Lyn antibody, followed by HRP-goat anti-rabbit IgG Fc fragment-specific. The immunoblotting results showed the predominant presence of a 55 to 60 kDa band attributed to Lyn in the first 5 1-mL fractions taken from the top, with fraction 4 showing the highest intensity.
Therapeutic activity of anti-CD20/22 bsAb in SCID mice
Eight-week-old female C.B.-17 SCID mice (Taconic Farms, Germantown, NY) were inoculated intravenously with the Daudi Burkitt lymphoma cell line (1.5 ϫ 10 7 cells) and randomized into 9 groups of 6 mice each. Treatment started on the following day and consisted of intraperitoneal injections, twice weekly, for 3 weeks. Four different doses of hA20IgG-(LL2scFv) 2 were evaluated (7, 13, 33, and 67 g), as well as 4 molar equivalent doses of veltuzumab (5, 10, 25, and 50 g). The control group received saline. Animals were monitored daily, weighed weekly, and killed on the development of hind-limb paralysis or loss of greater than 20% of pretreatment weight. Animal studies were approved by the Institutional Animal Care and Use Committee. Survival curves were analyzed using Kaplan-Meier plots (log-rank) with GraphPad Prism software (GraphPad Software, San Diego, CA). Figure 1 shows the schematic structures of the recombinant bsAbs generated for this study. Because of the instability of hLL2scFv, we elected to fuse LL2scFv or RFB4scFv to hA20 IgG. Cell clones producing hA20IgG-(LL2scFv) 2 and hA20IgG-(RFB4scFv) 2 were generated as described for hA20, 12 and the monomeric forms were isolated by preparative SE-HPLC. The fractions of hA20IgG-(LL2scFv) 2 and hA20IgG-(RFB4scFv) 2 were shown by SE-HPLC to consist of 78% to 80% and more than 98% monomer, respectively. The purity of both bsAbs before and after fractionation was demonstrated by reducing SDS-PAGE, because only bands corresponding to the scFv-fused H-chain and the L-chain of hA20 were observed. Since the Ag-binding activities of the scFv moieties were of major interest, the monomeric fraction of hA20IgG-(LL2scFv) 2 or hA20IgG-(RFB4scFv) 2 was evaluated for binding specificity and affinity to hCD22-Fc in both direct and competitive binding assays. Both bsAbs bound to hCD22-Fc with less avidity than their corresponding parental mAbs and only slightly stronger than their respective Fab-scFv constructs ( Figure  S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Both the dimeric and multimeric fractions of hA20IgG-(LL2scFv) 2 exhibited similar binding affinity for hCD22-Fc as the monomeric fraction.
Results
Characterization of recombinant tetravalent anti-CD20/22 bsAbs
The anti-CD22 mAbs were shown to internalize within minutes after cell-surface binding, 8, 34 whereas anti-CD20 mAbs were generally slowly or not internalizing. 35 Internalization of the anti-CD20/22 bsAbs was investigated on Daudi cells by fluorescence microscopy. Representative results with hA20IgG-(RFB4scFv) 2 and cRFB4 shown in Figure S2 confirmed that cRFB4 internalized rapidly (panel A), whereas hA20IgG-(RFB4scFv) 2 only aggregated extensively, as indicated by the formation of capping structures on the cell surface (panel B). These results show that physically linking an internalizing anti-CD22 mAb to a noninternalizing mAb prevents internalization of the resulting CD22 complexes.
In vitro antiproliferation activities of the anti-CD20/22 bsAbs
The anti-CD20/22 bsAbs were evaluated for their in vitro antiproliferative activities under various conditions described previously for the parental mAbs. 8, 12 Expectedly, both hA20-IgG-(LL2scFv) 2 and hA20IgG-(RFB4svFv) 2 were effective when immobilized or cross-linked (data not shown), because they are, in fact, composed of anti-CD20 and anti-CD22 moieties. However, unlike the parental mAbs, all 3 forms of anti-CD20/22 bsAbs (Fab' ϫ Fab', Fab-scFv, and IgG-(scFv) 2 ) exhibited comparable antiproliferative activity on Daudi cells without cross-linking (Figure 2A ). From these dose-titration studies, we determined that the maximum growth-inhibitory effect by an anti-CD20/22 bsAb was achievable at approximately 10 nM, which was used subsequently. We also found that the antiproliferative effect of anti-CD20/22 bsAbs was enhanced when the cells were costimulated by ␣-IgM ( Figure 2B ). The anti-CD20/22 bsAbs had greater inhibitory effects when ␣-IgM was present (P ϭ .006), while there was no difference between the parental mAb-treated cultures with or without ␣-IgM (P ϭ .33).
To determine whether the combined inhibitory effect of anti-CD20/22 bsAb and ␣-IgM is additive or synergistic, we used a formal quantitative analysis of the data to calculate the combination index (CI) based on a multiple drug-effect equation, 32 and a typical plot for a 3-day study using the MTT assay is shown in Figure 3A . Based on the dose-titration curves, the median-effect dose signifying the potency of hA20IgG-(LL2scFv) 2 or ␣-IgM as a single agent was calculated, and the median-effect equation derived to calculate the doses of hA20IgG-(LL2scFv) 2 and ␣-IgM that inhibit cell growth at given percentages ( Figure 3B ). The overall CI values were determined to be less than 0.1, indicating a strong synergistic inhibitory effect by hA20IgG-(LL2scFv) 2 combined with ␣-IgM.
ADCC and CDC assays
Cytotoxicity results indicated that neither of the 2 IgG-(scFv) 2 constructs demonstrated CDC activity against Daudi cells, in contrast to the parental veltuzumab that had an EC 50 of 1.03 nM. However, using an effector to target ratio of 50:1, both hA20IgG-(LL2scFv) 2 and hA20IgG-(RFB4svFv) 2 demonstrated significant ADCC activity in comparison to a nontargeting control mAb, hMN-14 IgG (33.2 Ϯ 1.7% and 30.4 Ϯ 9.6% vs 0.9 Ϯ 5.0%; P Ͻ .009). Additionally, hA20IgG-(LL2scFv) 2 appeared to mediate significantly higher lysis than either veltuzumab (24.4 Ϯ 0.8%) or epratuzumab (15.1 Ϯ 2.5%); P Ͻ .001.
Changes of CD22 phosphorylation and solubility by anti-CD20/22 bsAbs
Since binding of epratuzumab to CD22 was reported to result in a rapid increase of CD22 tyrosine phosphorylation in Daudi or Ramos cells, 36 the phosphorylation of CD22 in D1-7 and Ramos cells upon ligation with anti-CD20/22 bsAbs was assessed after cell lysis, solubilization with CHAPS, and centrifugation to separate the detergent-soluble proteins (supernatant fraction) from the insoluble cell debris (pellet fraction). Immunoprecipitation and Western blotting confirmed that epratuzumab induced a rapid increase in CD22 phosphorylation, as compared with untreated or veltuzumab-treated controls ( Figure 4A ). However, in the cells treated with hA20IgG-(RFB4scFv) 2 or hA20IgG-(LL2scFv) 2 , there was markedly less or no phospho-CD22 detected in the supernatant fraction. Further experiments revealed that although CD22 was present predominantly in the supernatant (or soluble) fraction of the untreated or veltuzumab-treated controls ( Figure 4B ), epratuzumab treatment resulted not only in phosphorylation of CD22 ( Figure 4A lane 2) , but also migration of a fraction of CD22 into the pellet fraction in D1-7 cells, although it was not apparent in Ramos cells ( Figure 4B lane 2) . A more significant finding was that anti-CD20/22 bsAb treatment resulted in the majority of CD22 migrating into the pellet fraction in both D1-7 and Ramos cells ( Figure 4B lanes 4,5) . Similar results were obtained with the lysis buffer containing 1% Triton X-100 instead of CHAPS. By Western blotting, it was confirmed that CD22 in the pellet fraction was phosphorylated (data not shown). These results demonstrate that either epratuzumab or the anti-CD20/22 bsAbs is capable of phosphorylating CD22 and altering the solubility of CD22 in CHAPS or Triton X-100, with the anti-CD20/22 bsAbs being more effective than epratuzumab. For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From
Translocation of CD22 into lipid rafts by anti-CD20/22 bsAbs
The observation that CD22 becomes detergent-insoluble in the cells treated with epratuzumab or the anti-CD20/22 bsAbs prompted us to investigate the membrane distribution of CD22 in lipid rafts using the established method involving sucrose gradient ultracentrifugation. 33, 37 To compare different anti-CD20/22 bsAbs, TF3, which consists of 2 Fabs of veltuzumab covalently linked to one Fab of epratuzumab with the same binding activity as veltuzuamb IgG and epratuzuamb Fab, 31 was included. Figure 5 shows the distributions of CD22 and phospho-CD22 in the soluble lysates and the lipid raft fractions prepared from D1-7 cells treated with veltuzumab, epratuzumab, hA20IgG-(LL2scFv) 2 , TF3, or ␣-IgM, as revealed by Western blotting. Only nonphosphorylated CD22 was detected in the soluble fraction in untreated (lanes 1,5) and veltuzumab-treated (lane 7) cells, confirming that cell-surface CD22 molecules normally are excluded from lipid rafts. In contrast, treatment with epratuzumab (lanes 2,6), hA20IgG-(LL2scFv) 2 (lane 3), or TF3 (lane 4) resulted in rapid CD22 phosphorylation and redistribution into lipid rafts. The difference between the events initiated by epratuzumab or the anti-CD20/22 bsAbs appears to be translocation but not phosphorylation.
It has been known that CD22 is a coreceptor for the BCR complex, and that phosphorylation of CD22 can be induced by BCR ligation. 38 Considering that the antiproliferation effect of anti-CD20/22 bsAbs was synergistic with ␣-IgM, we compared the phosphorylation and translocation of CD22 induced by ␣-IgM and anti-CD20/22 bsAbs. Although treating D1-7 cells with ␣-IgM to ligate BCR induced rapid phosphorylation of CD22 ( Figure 5 lane 8) , it did not result in colocalization of phospho-CD22 into lipid rafts with BCR. These results indicate that (1) the association of CD22 with lipid rafts only results from its binding to epratuzumab or a bsAb derived from epratuzumab and veltuzumab, and (2) phosphorylation of CD22 induced by mechanisms other than ligation of CD22 by anti-CD22 antibodies is not sufficient for relocating CD22 into lipid rafts. Moreover, phosphorylation of CD22 alone does not appear to correlate with cell growth-inhibition, because although anti-CD20/22 bsAbs are antiproliferative, epratuzumab under the same conditions is not. The combined antiproliferation effect of hA20IgG-(LL2scFv)2 and SA-AD4 was characterized by deriving CI values from the experimental data, that is, the dose-dependent inhibitory effects of each Ab alone and in combination, as described by Reynold and Maurer. 13 (A) The dose-effect plot. Dose-dependent growth inhibition by hA20IgG-(LL2scFv)2 (OE), SA-AD4 (f), or hA20IgG-(LL2scFv)2 plus SA-AD4 with a constant molar ratio of 10:1 () on D1-7 cells was determined similarly as in Figure 2 . The error bars represent standard deviations of triplicate tests. The nonlinear fitting curves shown in the chart were generated with the Prism 4 software (GraphPad Software) (B). The plot of log CI values derived from the dose-dependent inhibitory curves versus fraction of inhibited cell population. The plot represents the data from 3 sets of independent experiments (each set was in triplicate), as indicated by distinct symbols (F,OE,). The solid curve is the best nonlinear fit of all data points. The dotted curves indicate 95% confidence interval (CI) of the nonlinear fitting. In this method, log(CI) Ͼ 0 indicates antagonism, log(CI) ϭ 0 indicates an additive effect, and log(CI) Ͻ 0 indicates synergy. 
Cotranslocation of BCR with CD22 into lipid rafts by anti-CD20/22 bsAbs
The effect of anti-CD20/22 bsAbs on the membrane location of BCR also was evaluated. In untreated Daudi cells, only a trace of BCR (basal level) was found in lipid rafts ( Figure 6 lanes 1,5) , in agreement with the results of Cheng et al. 39 2,6,7) .
We also examined the distribution of CD20 molecules in a similar study and the results are shown in Figure S3 . The relative amounts of CD20 in soluble and lipid raft fractions observed for untreated cells were similar to those observed for cells treated with epratuzumab or ␣-IgM. Veltuzumab resulted in translocation of CD20 into lipid rafts, as reported for rituximab. 40 Both hA20IgG-(LL2scFv) 2 and TF3 similarly induced efficient translocation of CD20 in Daudi cells.
In vivo effects
The therapeutic efficacy of multiple administrations of hA20IgG-(LL2scFv) 2 at various doses was compared with that of hA20 IgG in SCID mice inoculated with Daudi cells (Figure 7 ). All the saline control mice were killed by day 39 with a median survival time (MST) of 31 days. Every treatment group was significantly better than this saline control (P ϭ Ͻ.001). However, except for the highest doses of veltuzumab (50 g) and the hA20IgG-(LL2scFv) 2 (67 g), there were no significant differences between any of the other treatment regimens. The group of mice treated with 67 g hA20IgG-(LL2scFv) 2 had a significantly improved survival when compared with mice treated with 50 g veltuzumab (MST Ͼ 124.5 days versus 89 days, respectively; P ϭ .023). Moreover, this treatment group was the only group of mice that exhibited cures (2 of 6 mice tumor-free at end of study, day 140).
Discussion
Our aim was to construct and evaluate the functions of recombinant CD20/CD22 bsAbs in comparison to their parental mAbs, and to explore their antiproliferative properties against B-cell lymphoma cell lines in vitro and, preliminarily, in vivo. In these studies, we investigated several forms of anti-CD20/22 bsAbs with more emphasis on an IgG-like construct, hA20IgG-(LL2scFv) 2. We chose hA20 (veltuzumab) for the IgG component because many Figure 4 . The cell lysates were fractionated by sucrose density-gradient ultracentrifugation. The lipid rafts were collected from the interface of 5% to 30% sucrose, and soluble fractions were from 40% sucrose at the bottom of the tubes. Distribution of CD22 and phospho-CD22 in the soluble fractions and lipid rafts were analyzed by Western blotting with HRP-anti-CD22 mAb (top 4 panels) and HRP-4G10 (bottom 4 panels), respectively. Labels CD22 and pCD22 on the right indicate the positions of CD22 and phospho-CD22, respectively. Lanes 3 and 4 are samples treated with hA20IgG-(LL2scFv)2 (labeled as ␣-CD20/22-L) and TF3 (labeled as ␣-CD20/22-DNL), respectively. Lane 8 is the sample treated with ␣-IqM Ab. studies in both animals and humans implicated effector functions as critical for an anti-CD20 mAb to be therapeutically effective. 41, 42 We found hA20IgG-(LL2scFv) 2 exhibit somewhat higher ADCC, but lack CDC, despite binding to C1q. Although both hA20IgG-(LL2scFv) 2 and hA20IgG-(RFB4scFv) 2 contain 2 anti-CD22 scFv moieties, neither showed binding affinity for CD22 comparable to its parental anti-CD22 mAb. This is likely due to the inherent instability of LL2scFv and RFB4scFv, which may be improved by reengineering the V H and V L chains. 43 An alternative approach is to combine 3 Fab fragments (as in TF3) or to link one IgG with 4 Fab fragments using the DNL method. 30, 31, 44 In fact, hexavalent IgGlike complexes that are either monospecific or bispecific and contain 6 Fab moieties have been made by the DNL method, and these constructs have been shown to have high binding affinity to both CD20 and CD22, as well as potent antiproliferative activity against B-cell lymphoma cells in vitro and in vivo. 44 Hence, these may be more suitable bsAbs for clinical development.
The relatively weak binding avidity to CD22 antigen compared with epratuzumab or RFB4 IgG did not prevent hA20IgG-(LL2scFv) 2 and hA20IgG-(RFB4scFv) 2 to function as potent inhibitors of cell proliferation in vitro when tested at a range of 1 to 100 nM. This is in contrast to the parental veltuzumab and epratuzumab or RFB4 mAbs, which require cross-linking or immobilization to show antiproliferative effects in most Blymphoma cell lines. 8, 12 In addition, the bsAbs prepared by chemical conjugation (hA20xhLL2) or by the DNL method (TF3), both showing similar binding affinity for CD22 as epratuzumab Fab, also were potent inhibitors, while a mixture of veltuzumab and epratuzumab was not. Therefore, the in vitro antiproliferative activity requires merely a covalent linkage between these 2 mAbs. Furthermore, the antiproliferative effect of anti-CD20/22 bsAbs was synergistically enhanced by ␣-IgM, indicating complementary functions between these 2 agents.
To better understand the mechanism of action of hA20IgG-(LL2scFv) 2 against B-lymphoma cells, we investigated the cellular events immediately after stimulation by the bsAb, the parental mAbs, or ␣-IgM, resulting in several interesting observations. First, phosphorylation of CD22 was induced by epratuzumab, hA20IgG-(LL2scFv) 2 and other anti-CD20/22 bsAbs, or ␣-IgM, but not by veltuzumab. Second, translocation and accumulation of CD22 into lipid rafts was induced by hA20IgG-(LL2scFv) 2 , but not by ␣-IgM or veltuzumab. Epratuzumab also induced translocation of CD22 into lipid rafts, but to a lesser extent than the anti-CD20/22 bsAbs, probably due to rapid internalization of the immune complex formed with epratuzumab. Third, translocation of BCR into lipid rafts was induced by ␣-IgM or hA20IgG-(LL2scFv) 2 , but not by veltuzumab or epratuzumab. Finally, translocation of CD20 into lipid rafts was induced by veltuzumab and hA20IgG-(LL2scFv) 2 , but not by epratuzumab or ␣-IgM. Thus, the distinct property of hA20IgG-(LL2scFv) 2 , in contrast to parental veltuzumab and epratuzumab, appears to be its ability to translocate CD22 and cotranslocate BCR into lipid rafts, which may account for the observed synergism.
Earlier studies have noted the absence of CD22 in lipid rafts both in unstimulated spleen cells 45 and in Raji or tonsil B cells cross-linked with a CD22-specific mAb. 46 Therefore, the association of CD22 with lipid rafts induced by epratuzumab or hA20IgG-(LL2scFv) 2 is an unexpected finding. During the review of this manuscript, evidence for the trafficking of CD22 along with BCR to lipid rafts was published, 47 and we expect that the role of CD22 in lipid rafts will become an area of research interest. Lipid rafts in B cells are known to be a route of receptor-mediated endocytosis for a number of proteins, which include BCR, 38 and now probably also CD22. However, because internalization of CD22 induced by anti-CD22 mAbs is very rapid, the Ab-antigen complex might localize in the lipid rafts only transiently before internalization, which could explain why this has not been reported previously. The anti-CD20/22 bsAbs appear to induce the translocation of CD22 in a similar fashion as the parental epratuzumab, but the bsAb-antigen complex could not internalize because it was simultaneously complexed with the noninternalizng CD20.
Another intriguing finding is that translocation and accumulation of BCR in lipid rafts induced by the anti-CD20/22 bsAbs resembles the effects of ␣-IgM. Similar to antigen stimulation, anti-BCR Abs can rapidly initiate 2 important events: (1) a phosphorylation cascade that results in the production of secondary signaling intermediaries, and (2) the internalization of Ab-BCR complexes. In some cases, these events have been shown to occur in lipid rafts, leading to growth inhibition 46 or apoptosis. 48 Therefore, the lymphoma proliferation-inhibitory property of anti-CD20/22 bsAbs could be attributed to their ability to bind to both CD20 and CD22 antigens simultaneously, and subsequently to (1) induce a stronger interaction of CD22 and BCR, (2) more efficiently translocate CD22 into lipid rafts due to being complexed with CD20, (3) cotranslocate BCR with CD22 to lipid rafts, and (4) prolong the residence time of CD22 and BCR in lipid rafts for CD22-as well as BCR-mediated signaling to occur. These interpretations are also consistent with epratuzumab showing growth inhibition only when it is immobilized, 8 where Ab-bound CD22 is not internalized and could associate with the lipid rafts like the anti-CD20/22 bsAb-bound CD22, exerting similar effects on cell proliferation. Clearly, studies of downstream BCR-signaling related to growth-inhibition, both in normal and malignant human B cells, are indicated. In these studies, we did not observe any correlation between phosphorylation of CD22 and its translocation into lipid rafts, nor a direct relationship to cell growth-inhibition. However, phosphorylation of CD22 induced by epratuzumab or hA20IgG-(LL2scFv) 2 could be critical to the interaction of CD22 and BCR, resulting in cotranslocation of BCR. It is known that CD22 and the BCR complex are physically associated in established lymphoma cell lines, such as Ramos and Daudi, as well as primary B cells from fresh human tonsils. 49, 50 The association of CD22 with BCR normally would have a low affinity, which could increase upon phosphorylation of CD22 in the cytoplasmic tail induced by epratuzumab binding. It is interesting that although ␣-IgM induced phosphorylation of CD22 in Daudi and Ramos cells, this did not seem to increase the interaction of CD22 with BCR; thus, no cotranslocation of CD22 with BCR in lipid rafts was observed. This could be due simply to the low level of CD22 associated with BCR, and the translocation of BCR complex to lipid rafts induced by ␣-IgM ligation being independent of its interaction with CD22. Or, CD22 could cotranslocate with BCR into lipid rafts but then would quickly internalize and segregate from the lipid rafts. Alternatively, it is possible that interaction of CD22 with BCR requires phosphorylation of CD22 at specific sites within the immunoreceptor tyrosine-based motif as well as the immunoreceptor tyrosine-based activation motif. 38, 49 In contrast to the enhanced inhibition of the growth of lymphoma cell lines in vitro and despite its somewhat higher ADCC, hA20IgG-(LL2scFv) 2 failed to show consistent superiority over the parental veltuzumab at most equimolar doses given to mice bearing the Daudi Burkitt lymphoma line. However, a significant survival improvement over veltuzumab was found for the highest dose tested of the bsAb. Thus, although the animal studies indicate that the bsAb has strong antitumor activity, it did not replicate the relative improvement observed in vitro compared with the parental mAbs in the one tumor xenograft tested, because only the highest dose tested proved to be more efficacious than the parental mAb. Hence, other bsAb structures, other tumors with various expression of CD20 and CD22, and even higher test doses need to be evaluated.
In conclusion, anti-CD20/22 bsAbs have been found to possess properties that are distinct from those of the parental mAbs, either alone or as mixtures. They are more potent in inhibiting lymphoma cell proliferation in vitro, despite the constructs composed of the scFv form contributing to a lower binding avidity than the parental CD22 mAb. These findings raise the question of whether bsAbs with other structures and properties may be preferred for clinical development. 44 
